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ABSTRACT: High-throughput screening (HTS) methods based on topography gradients or arrays have been extensively used
to investigate cell−material interactions. However, it is a huge technological challenge to cost eﬃciently prepare topographical
gradients of inorganic biomaterials due to their inherent material properties. Here, we developed a novel strategy translating
PDMS-based wrinkled topography gradients with amplitudes from 49 to 2561 nm and wavelengths between 464 and 7121 nm to
inorganic biomaterials (SiO2, Ti/TiO2, Cr/CrO3, and Al2O3) which are frequently used clinical materials. Optimal substratum
conditions promoted human bone-marrow derived mesenchymal stem cell alignment, elongation, cytoskeleton arrangement,
ﬁlopodia development as well as cell adhesion in vitro, which depended both on topography and interface material. This study
displays a positive correlation between cell alignment and the orientation of cytoskeleton, ﬁlopodia, and focal adhesions. This
platform vastly minimizes the experimental eﬀorts both for inorganic material interface engineering and cell biological
assessments in a facile and eﬀective approach. The practical application of the HTS technology is expected to aid in the
acceleration of developments of inorganic clinical biomaterials.
KEYWORDS: high-throughput screening, topographical gradient, inorganic biomaterials, biomimetic surface, stem cell behavior
1. INTRODUCTION
Over the past decades, it has been demonstrated that cells can
sense and respond to their microenvironment, especially
physical stimuli (e.g., shear stress,1 stiﬀness,2 and topography3)
) and insoluble/soluble chemical signals (e.g., material
component,4 extracellular matrix (ECM) proteins,5 and growth
factors6) as well as adjacent cells.7 Among physical cues, surface
micro/nanotopography serves as an important indirect signal
that strongly inﬂuences cell behavior and function through a
process known as mechanotransduction.8,9 For instance,
microtopographies such as microgratings guide the shape and
motility of the cell body by physical conﬁnement or alignment
and typically result in whole-cell contact guidance.10−12 In
contrast, nanotopographies are several orders of magnitude
smaller than the cell body but have a size similar to that of
subcellular structures (e.g., F-actin, ﬁlopodia, and integrin
receptors). It may therefore be possible to target trans-
membrane receptor proteins involved in intracellular signal
transduction and thus manage the response of the anchorage-
dependent cells.13−15 To date, cells can “feel” and interact with
the smallest feature size of a substrate at approximately 5 nm.14
It is important to address both nano- and microtopographies as
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was shown by Bae et al., who did competition experiments
using ﬁbroblasts. They found that the morphologies and
orientations of ﬁbroblasts were clearly aﬀected by the
nanotopography rather than the microtopography.16 In the
ﬁeld of biomaterials, biomimetic topographical patterns
modulate cell behavior and promote tissue regeneration.17 In
particular, most tissue extracellular matrixes (e.g., bone, tendon,
nerve, myocardium, etc.) have regular and anisotropic
architectures consisting of well-aligned micro/nano-scaled
ﬁbrous structures.18−21 Increasing evidence suggests that an
aligned topographical structure is essential for cell alignment
and tissue morphogenesis as well as remodeling to allow the
eﬀective and accurate expression of tissue functions.22−24
Therefore, establishing precise topographical features is very
critical for cell behavior, function, and protein expression.
However, many of these studies focused on independent
substrates with varying dimensions or structures including
pillars, pores, or grooves, which provided interesting yet limited
information.
Surface topographical gradients oﬀer an ideal platform to
address high-throughput screening (HTS) of cell behavior
toward topography. This approach is time and cost eﬃcient,
elicits more accurately the optimum topographical conditions
for promoting cellular processes, and minimizes systematic or
methodological errors.25−29 Faia-Torres et al. applied poly-
caprolactone roughness gradient as a platform to identify the
impact of roughness on osteogenic fate of stem cells in vitro.
An optimal substrate roughness range (Ra ∼ 2.1−3.1 μm) for
promoting the osteogenic cell diﬀerentiation and an Ra ∼ 0.93
μm for more eﬀectively supporting the osteogenic expression in
osteogenic induction medium was found.26,30 Kim et al.
developed many poly(urethane acrylate) gradient platforms of
anisotropic or isotropic topographical patterns to investigate
the organization, alignment, topotaxis, and phenotypic develop-
ment of diﬀerent cell types.27,28,31,32 However, most of
investigations mainly focused on soft or elastic polymers,
which limits the use of these platforms as in many orthopedic,
orthodontic, and dental applications, for which inorganic
biomaterials (e.g., metals, metal oxides, bioceramics, and
bioglass) are used. These inorganic biomaterials have good
biocompatibility, excellent mechanical properties, and superior
corrosion resistance but are limited due to their bioinert surface
properties or lack of bioactive signals.12,33 It has been reported
that bioinert ceramics (e.g., Al2O3) are unable to promote bone
formation and osseointegration, both of which are major
challenges for bone implants.12,34 Webster et al. showed that
the proliferation, adhesion, and mineralization diﬀerentiation of
osteoblasts increased on nanostructured (<100 nm) bioinert
alumina ceramics compared with conventional ceramics
(surface structures >100 nm).33,35 The opposite behavior was
found for ﬁbroblasts, which is beneﬁcial because ﬁbroblasts
contribute to ﬁbrous encapsulation and callus formation, events
that may lead to implant loosening.36 Topographical prepara-
tion techniques for inorganic biomaterials include anodiza-
tion,37 acid etching,38 erosion,39 inkjet printing,12 and photo-
lithography,40 which enables micro- and/or nanotopographical
features (e.g., ripples, grooves, islands, or pillars). However,
most of these techniques only result in random or uniform
surface structures, preventing the determination of optimum
surface features to direct cell responses. Therefore, translating
the topographical gradient with biomimetic patterns and
dimensions to inorganic biomaterials provides signiﬁcant
technological advances for biomaterial development. Here, we
address the translation of aligned nano/microtopography
gradients to alumina (Al2O3) as bioceramic, titanium dioxide
(TiO2), and chromium oxide (CrO3) for metal oxides of which
the surface of titanium and cobalt/chrome implants are
composed of, respectively, and silica (SiO2) as a bioglass
representative.
We developed a multiscale topographical gradient approach
with diﬀerent inorganic biomaterials by combining polydime-
thylsiloxane (PDMS) wrinkle gradients (amplitudes = 49−2561
nm; wavelengths = 464−7121 nm) prepared by a masked
plasma-oxidation procedure with subsequent overoxidation to
obtain a SiO2-like surface or metal evaporation, resulting in
metal oxides (TiO2, CrO3, and Al2O3) upon exposure to air.
The wrinkle dimension and surface chemistry were systemati-
cally examined by atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS), respectively. The topo-
graphical gradients of diﬀerent inorganic biomaterials were
seeded with human bone marrow derived mesenchymal stem
cells (hBM-MSCs) to study the eﬀects of wrinkle dimensions
and biomaterial composition on cellular responses, including
cell adhesion, spreading, morphology changes (e.g., elongation
and orientation), cytoskeleton, ﬁlopodia as well as formation
and orientation of focal adhesion contacts.
2. METHODS
2.1. PDMS Film Preparation. The PDMS slab was prepared by
mixing the prepolymer and cross-linker (Sylgard 184, Dow Corning)
in a ratio of 10:1 by weight according to the supplier’s information.
The 33 g mixture was vigorously stirred with a spatula. Once
thoroughly mixed, the viscous mixture was degassed for 15 min under
vacuum to remove the air bubbles completely and poured into a
carefully cleaned, 12 × 12 cm squared polystyrene Petri dish to ensure
equally thick samples. The Petri dish with liquid PDMS was cured in a
vacuum oven at 70 °C overnight to cross-link into an elastomer. After
curing, the elastomer slab was peeled away from the dish and cut into
the desired size.
2.2. Preparation of Wrinkled Gradients with Silicone Oxide
(SiO2) and Metal Oxide Surfaces. For wrinkled gradient with SiO2
surface, the PDMS sample was placed in a homemade stretching
apparatus and stretched uniaxial to a strain of 30% of their original
length. Stretched PDMS was partly covered with a mask (1.3 cm) and
oxidized in air plasma under the stable pressure (Plasma Activate
Flecto 10 USB, maximum intensity). After oxidation, the strain was
released which induces wrinkled gradient formation with diﬀerent
wavelength and amplitude. The approach was based on our previous
investigation.25 All samples were post-treated with air plasma for 10
min to ensure that the surface is fully oxidized (maximum SiO2
formation) and that surface chemistry as well as stiﬀness is equal for all
samples.
The PDMS samples with wrinkled gradients and the controls were
fastened on a metal stage and placed into a home-built thermal
evaporator. A 5 nm layer of Cr was ﬁrst evaporated in order to
improve the adhesion of metals on oxidized PDMS. An initial rate of
0.3 Å/s was set until constant deposition was observed and then
ramped to 0.2 and 0.4 Å/s. Subsequently, a 10 nm layer of metal (Ti
or Al) was thermally evaporated. The rates of each metal are
dependent on their melting temperatures. For aluminum, which has
the lowest melting temperature in this particular process, only one rate
of 0.2 Å/s was necessary. For Cr, a layer of 10 nm was directly formed.
The process was performed under vacuum, and a temperature of 23−
28 °C was maintained throughout. Voltage was applied and varied
according to conditions. The thickness of the layer was measured
during the process through the use of a quartz crystal inside the
vacuum chamber. The thickness is read through the change in
oscillation frequency of the crystal (it drops) as its mass is increased by
the material being evaporated. An electronic instrument continuously
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reads the frequency and converts it to thickness, both instantaneous
and cumulative.
2.3. Atomic Force Microscopy (AFM). AFM images were
obtained using a commercial atomic force microscope (Nanoscope V
Dimension 3100 microscope, Veeco, United States) operating with the
tapping mode in air. The wavelength and amplitude of wrinkles in
these images were analyzed by NanoScope Analysis software. The
Young’s modulus was measured by BioScope Catalyst AFM
instrument (Bruker, Billerica, MA, United States) with NanoScope
Analysis software. All measurements were performed in the quantum-
mechanical nanomapping mode with a large amplitude using Bruker
SCANASYST-AIR cantilevers made from silicon nitride with silicon
made tips.
2.4. X-ray Photoelectron Spectroscopy (XPS). The coated
metals above were determined using XPS (S-Probe, Surface Science
Instruments, Mountain View, CA, United States) equipped with an
aluminum anode (10 kV, 22 mA). Samples were placed in the
prevacuum chamber of the XPS and then subjected to a vacuum of
10−9 Pa. X-rays (10 kV, 22 mA) at a spot size of 250 × 1000 μm were
produced using an aluminum anode. Scans of the overall spectrum in
the binding energy range of 1−1100 eV were made at low resolution
(pass energy 150 eV).
2.5. Water Contact Angle (WCA) Measurement. To evaluate
the wettability of ﬂat surfaces with SiO2, TiO2, CrO3, and Al2O3 layers,
the static WCA measurement was performed using the sessile drop
method. Three droplets of Milli-Q water were placed randomly at
diﬀerent locations on each sample. The projected images of the
droplets, after having been settled on the substrates with no noticeable
change in their shapes, were analyzed for determining contact angles.
2.6. Cell Culture. Human bone marrow-derived mesenchymal
stem cells (Lonza) were used for the cell experiments. The growth
medium consisted of Alpha modiﬁed Eagle medium (Gibco), 10% (v/
v) fetal bovine serum (Gibco), and 0.1% (v/v) ascorbic acid 2-
phosphate (Sigma). Cells were incubated at 37 °C, 5% CO2. The cells
were harvested at approximately 80−90% conﬂuency from T75 culture
ﬂasks by trypsin for 3−5 min at 37 °C for further subcultures.
2.7. Cell Adhesion Studies. All circular samples (Ø14 mm) were
treated with 70% ethanol for sterilization and placed in 24-wells
microtiter plates overnight. Afterward, hBM-MSCs were seeded onto
the samples in 24-well plates at a density of 1 × 104 cells/well for cell
adhesion. All plates were stored in an incubator at 37 °C and 5% CO2
for 2 days. The hBM-MSCs were ﬁxated with 3.7% paraformaldehyde
(Sigma-Aldrich) in PBS for 20 min at room temperature and
subsequently washed 3 times with PBS. Afterwards, the cell membrane
was permeabilized with 0.5% TritonX-100 (Sigma-Aldrich) solution
for 3 min. A 5% BSA in PBS solution was added for 30 min to block
nonspeciﬁc binding. After withdrawing the BSA solution, the primary
antibody against vinculin (clone hVin-1, Sigma, 1:100) was used in
combination with a secondary FITC-labeled goat-antimouse antibody
(Jackson Immunolab, 1:100). In addition, DAPI and TRITC-
phalloidin were used to stain the cell nuclei and F-actin, respectively.
Cells were observed using a LEICA TCS SP2 CLSM equipped with a
40× NA 0.80 water immersion objective. Additionally, the nuclei and
F-actin were observed using TissueFaxs, with a Zeiss AxioImager
Z1Microscope System (Tissue-Gnostics GmbH, Vienna, Austria) at
10× magniﬁcation. The complete samples were scanned, and images
acquired together using the Tissue-Gnostics software. Image analysis
of focal adhesion images acquired with CLSM was done by using Focal
Adhesion Analysis Server,41 and ImageJ software was used to measure
the cell surface coverage, area, orientation, and elongation. Cell surface
coverage was calculated by dividing the total surface area by the area of
F-actin. Cell orientation was deﬁned as the angle between the major
axis of the ellipse and the direction of wrinkles. Cell elongation was
quantiﬁed as the aspect ratio between the cell length and width
measured on the ﬂuorescent F-actin stained cells. Therefore, the aspect
ratio of a circle cell is one.
2.8. Statistical Analysis. All data points are expressed as mean
values ± standard deviation. Statistical analysis was performed using
Origin 9.0 software. All data were analyzed using one way analysis of
variance (ANOVA) with Tukey’s test to determine diﬀerences
between groups. A value of p < 0.05 was considered to be statistically
signiﬁcant.
3. RESULTS
3.1. Inorganic Aligned Topography Gradient For-
mation. The topographical gradient fabrication process for
SiO2 and metal oxides is illustrated in Figure 1. PDMS is
uniaxially stretched (30% elongation) and plasma oxidized
shielding the surface with a right angled triangular prism mask.
Diﬀerent oxidation parameters are used to control the ﬁnal
features (method 1:100 s plasma treating time, 45° mask angle,
60 mTorr stable pressure; method 2:650 s plasma treating time,
30° mask angle, 25 mTorr stable pressure). Releasing the strain,
a stable wrinkled topographic gradient is generated which is
tunable as a function of plasma treating time, mask angle, and
operating pressure.25,42 It has to be noted that all wrinkle
samples were postoxidized with air plasma for 10 min to
exclude any chemical or stiﬀness variations and provide a
bioglass-like (SiO2) top layer. Finally, we deposit diﬀerent
metal ﬁlms of 10−15 nm thickness (Ti, Cr, and Al) on PDMS
wrinkled gradients by metal evaporation, which resulted in the
metal oxides after exposure to air (more information found in
the Methods section).
The topography gradients were investigated using AFM.
Metal evaporation did not alter the wrinkle features (Figure 2).
However, more cracks were observed on the nanowrinkle
gradient with metal coating as compared to the oxidized PDMS
gradient surface, probably because of the metal residual stress.43
Measurements were acquired between 0 and 10 mm with 2 mm
intervals. The wrinkle size increased from the least exposed side
to the most exposed side (open side of the mask) for both
oxidation times of 100 and 650 s. The unidirectional gradients
were obtained in a highly reproducible manner with amplitudes
ranging from 49 to 2561 nm and wavelengths between 464 and
7121 nm as shown in Figures 3A and B. Both amplitude and
wavelength display a continuous gradual change. Importantly,
Figures 3A and B shows that the topography after metal coating
and oxidation was preserved. The topographical dimension
range obtained in our study encompasses similar range of
individual collagen ﬁbers, varying in diameter from few
Figure 1. Schematic illustration of the process to prepare wrinkled
gradients with SiO2 via prolonged plasma oxidation and diﬀerent metal
oxide coatings by metal evaporation and exposure to air under ambient
conditions.
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nanometers to ∼150 nm within native ECM and collagen ﬁber
bundles from several hundred nanometers to ∼400 μm in
diameter depending on the tissue type.32,44,45
To conﬁrm the chemical composition of the surfaces, XPS
measurements were carried out. Figure 3C shows the XPS
spectra and conﬁrmed overoxidized PDMS (SiO2), TiO2, CrO3,
and Al2O3 surface chemistry. The Ti peaks at binding energies
of 459 and 465 eV are consistent with Ti4+, conﬁrming the
presence of TiO2 on the PDMS surface. The Cr peak at binding
energy of 577 eV is consistent with Cr6+ in the corresponding
oxide form, namely CrO3. The Al peak at binding energy of 75
eV is consistent with Al3+, conﬁrming the presence of Al2O3.
Static WCA measurement before and after metal oxide layer
generation on ﬂat surfaces displayed similar wettability (94−
102°) (Figure S1); no signiﬁcant diﬀerence was detected on
either metal oxide surfaces (p > 0.05). AFM test before and
after metal oxide formation on ﬂat surfaces showed similar
Young’s modulus (90−107 MPa) (Figure S2). Similar
Figure 2. AFM images of topography (wrinkle) gradients with SiO2 and the diﬀerent metal oxide coatings along the 1.0 cm PDMS substrate. Scale
bars are 4 μm and apply to all images. Also shown are ﬂat substrates obtained under the same conditions only without applying unidirectional strain.
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wettability and stiﬀness mean that any observed diﬀerences in
cell behavior on the respective surfaces would, in fact, be due to
topographical features and materials chemistry.
3.2. hBM-MSC Behavior on Inorganic Topographical
Gradients. With our technology we designed a comprehensive
material surface topography library that allows us to investigate
which feature sizes yield optimal cell behavior. As a model cell
type hBM-MSCs were used, as these cells isolated from human
bone marrow are widely being employed as a promising source
of cells for tissue engineering and regenerative medicine
(TERM), owing to their potential to diﬀerentiate into a
number of phenotypes, including adipocytes, chondrocytes, and
osteocytes and production of trophic mediators.46−48 Impor-
tantly, hBM-MSCs have previously been shown to be sensitive
to surface properties49 such as topography,50 stiﬀness,7,51
chemistry,52 and wettability.53
To evaluate the viability of hBM-MSCs on SiO2, TiO2, CrO3,
and Al2O3 surfaces without a wrinkle feature, XTT viability
assays were performed after 2 days of culture (Figure S2).
Polystyrene tissue culture plates (TCP) were used as a positive
control. Cells remained viable, and no signiﬁcant diﬀerence was
found on either surface (p > 0.05), which indicates that there
were no cytotoxic eﬀects derived from SiO2 or the vapor-
deposited metals TiO2, CrO3, and Al2O3. Furthermore, the fact
that cell metabolic activity on SiO2 and metal oxide interfaces
was comparable to TCP control highlights the applicability of
the interface design as a suitable surface treatment method for
exploring cell−material interactions.
To study the response of hBM-MSCs toward the various
wrinkled gradients, hBM-MSCs were seeded on these surfaces
and allowed to attach and spread for 2 days, and the cell
response to the mechanochemical cues was investigated. As
shown in Figure 4, macroscopic cell behavior was observed by
automated ﬂuorescence microscopy imaging (TissueFAXS) in a
high-throughput manner which enabled the observation of the
surfaces as a whole with still the possibility of performing
confocal laser scanning microscopy (CLSM). Cells on ﬂat
surfaces with diﬀerent inorganic biomaterial interfaces are also
shown in Figure 4 for comparison. The overview images on the
TiO2 gradients clearly display more cell surface coverage after
two days than those of gradients with SiO2 and other metal
oxides. The result indicates that the cell surface coverage was
aﬀected by the materials chemistry. Another observation is that
for the area with microscale wrinkles on TiO2 gradient surfaces
(i.e., range from the sixth (amplitude: 785 nm/wavelength:
2490 nm) to the seventh (amplitude: 1196 nm/wavelength:
3765 nm)) induces larger cell surface coverage than other areas.
For the SiO2 interface, cell surface coverage ﬁrst decreases and
then increases with increasing the wrinkle size. It suggests that
cell spreading was aﬀected by the topographic dimensions as
well as materials chemistry. We observed from the actin-stained
cell images that cells cultured on all substrates were highly
elongated. Cell elongation increased with increasing wrinkle
sizes. More elongation was observed on the Al2O3 interface as
compared to the other interfaces. Therefore, cell elongation was
aﬀected synergistically by topographical dimension and material
interface. In addition, we observed that cell alignment increased
with increasing the wrinkle size on all interfaces. On all
nanostructured surfaces (0−1.0 cm100Sgrad,
0−0.4 cm650Sgrad oxida-
tion surfaces) independent of materials chemistry, limited cell
alignment was observed. The 0.4−1.0 cm650Sgrad oxidation areas
(larger wrinkles features) had a better cell alignment as
Figure 3. (A and B) Dependence of the wavelength and amplitude of created wrinkle gradients with diﬀerent surface compositions. The 650s
surfaces start where the 100s surfaces end with respect to wavelength and amplitude. Data are reported as mean ± standard deviation (SD) (n = 30
wrinkles). (C) XPS spectra of wrinkle gradients with SiO2 and diﬀerent metal oxide layers.
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compared to the areas with smaller wrinkle features. In
particular, 0.9−1.0 cm650Sgrad oxidation surfaces had an excellent
cell alignment. Therefore, cell alignment is signiﬁcantly aﬀected
depending on topographical dimensions. Importantly, these
platforms enable deﬁning the threshold of wrinkle features to
induce cell elongation and alignment because engineering the
precise structure is essential for the function of the cell and
tissue.54 Cell elongation and orientation is a morphological
feature essential for many anisotropic tissue functions.55
For a better understanding of cell behavior on diﬀerent
gradients, material surface coverage, cell area, alignment, and
elongation were determined by a quantitative analysis of the
positively stained cells using ImageJ software (Figure 5). Figure
5A shows that cell surface coverage on wrinkle gradients with
SiO2, TiO2, and CrO3 ﬁrst decreases and then increases with
increasing the wrinkle size. There were no signiﬁcant
diﬀerences on wrinkle gradients with Al2O3. They indicate
that cell surface coverage depends on both topographical
dimension and materials chemistry. Figure 5B displays that the
cell area on the wrinkle gradients for SiO2 ﬁrst decreases and
then increases with increasing wrinkle size. There were no
signiﬁcant diﬀerences on wrinkle gradients for TiO2, CrO3, and
Al2O3, which indicates that the cell area was unaﬀected by the
topography dimension when combined with those interfaces.
Topography combined with SiO2 does aﬀect the cell area,
illustrating the delicate interplay between materials chemistry
and topography parameters.
Cell alignment was stimulated signiﬁcantly with increasing
wrinkle size on all interfaces (p < 0.05), indicated by an angle
closer to 0° (Figure 5C). Even for the nanopatterned surfaces
(0−1.0 cm100Sgrad), all biomaterial gradients promoted cell
alignment compared to the ﬂat controls (∼45°) (p < 0.05).
On micropatterned surfaces (1.0 cm650Sgrad), average cell
orientation angle reached ∼10°. However, there are no
signiﬁcant diﬀerences between the diﬀerent interface materials,
indicating that cell alignment is mainly aﬀected by the
topography and not materials chemistry. Furthermore, the
results suggest that an ideal range for topography-induced
alignment exists in the wrinkles with 1.4−2.6 μm amplitude and
4.0−7.1 μm wavelength.
The degree of cell elongation provides further indication of
cellular structural maturity and function expression.56,57
Although orientation eﬀects are material independent,
elongation is aﬀected by the materials chemistry. Figure 5D
shows that cell elongation on wrinkle gradients with SiO2,
TiO2, and Al2O3 increased with increasing the wrinkle size,
Figure 4. Fluorescence microscopy images of slices of the gradients are shown representing the full length of the samples for the gradients (scale bars
= 1 mm). The red color is for TRITC−phalloidin.
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while on CrO3 gradients, elongation ﬁrst increases and then
decreases with increasing the wrinkle size. Additionally, for
Al2O3, topography and materials chemistry are synergistic, as
the largest elongation (12.8 ± 2.4) was observed when
topographic dimensions were maximized. The cell elongation
may be an inherent property of a speciﬁc cell type (hBM-
MSCs). However, we show that it depends also on the cell
substratum interaction and that both topography and materials
chemistry inﬂuence the elongation.
From confocal microscopy images (Figure S3), cell align-
ment and elongation can be observed more clearly. In addition
to modulating cell morphology and cell alignment, phalloidin
staining of the cytoskeleton (ﬁlamentous actin; F-actin) showed
that hBM-MSCs cultured on the microtopography exhibited
the highly elongated alignment of actin ﬁlaments along the
surface patterns. In contrast, hBM-MSCs on either the ﬂat or
nanotopography did not display such an extended, aligned-actin
morphology. Figure S4 allows us to observe high contrast
images for F-actin arrangement and direction, displaying the
alignment of cellular F-actin increasing with increasing the
wrinkle size from nanometer to micrometer dimensions. F-actin
presented a perfectly aligned cytoskeletal morphogenesis along
wrinkle direction on the 1.0 cm650Sgrad position. In comparison,
the cells cultured onto ﬂat and nanotopographies displayed a
disordered cytoskeleton organization (Figure S4). This ﬁnding
may also be attributed to wrinkle size that provide potential
contact cues for F-actin.
Individual cells also frequently exhibited distinct organization
of membrane protrusions (Figure S3). Depending on the local
topography and materials chemistry, especially long/parallel
ﬁlopodia were observed on the 0.5−1.0 cm650SGrad of TiO2, Al2O3,
and CrO3 interfaces. Surprisingly, we found that a higher
amount of ﬁlopodia was typically observed on the micro-
topography. These ﬁlopodia on such a dimension were also
longer than those on the ﬂat or nanotopography gradient
substrates. These results suggest that oriented cell outgrowth
on the wrinkle substrate might be the result of a sensing
mechanism performed by ﬁlopodia, because they are the
organelles that work as sensors.15,58,59 In addition, hBM-MSCs
ﬁlopodia around the cells on microtopography can enhance
cell−cell interactions by increasing direct contact with
neighboring cells, even if they are far away.
In addition, the formation of focal adhesion contacts was
analyzed using immunoﬂuorescent staining for vinculin and
visualized by CLSM. Major diﬀerences in focal adhesion
number and morphology as well as orientation were observed.
For SiO2 interfaces, on the ﬂat control and
0−0.5 cm100SGrad
surfaces, hBM-MSCs had more well-deﬁned dash-like vinculin
spots (typical for mature focal adhesions) compared to the dot-
like (transient) vinculin spots found for hBM-MSCs cultured
on the 0.75−1.0 cm100SGrad and
0−1.0 cm650SGrad surfaces. Fur-
thermore, focal adhesion points decreased with increasing the
wrinkle size. On TiO2, CrO3, and Al2O3 interfaces, there are
many mature focal adhesions found on all surfaces. In contrast,
there are more focal adhesions at the TiO2 interface than at the
others, and focal adhesion points decreased with increasing the
wrinkle size on ﬂat, 0−1.0 cm100SGrad, and
0−0.5 cm650SGrad
surfaces. Interestingly, focal adhesions in cells plated on
microtopographical surfaces (0.75−1.0 cm650SGrad) became more
numerous and elongated and oriented themselves along the
major cell axis, coaligned with stress ﬁbers, whereas cells plated
on nanotopographical substrates formed less numerous and
radially oriented adhesions. A closer observation of the focal
adhesions as presented in Figure 6 revealed that many cells on
the microtopography that had high elongation and alignment
contained elongated and uniformly oriented focal adhesions.
This observation raises the notion that focal adhesion
alignment may precede cell elongation and determine the
direction of the future elongation axis. These data also indicate
that topographical dimension and materials chemistry can
Figure 5. Macroscopic response of cells toward surface gradients with diﬀerent interface materials. (A) Surface coverage by cells. (B) Cell area. (C)
Cell orientation. (D) Cell elongation. (n = ∼150 cells). * indicates that both groups are statistically diﬀerent (p < 0.05). A0W0 (amplitude 0 nm;
wavelength 0 nm).
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Figure 6. Highlighted focal adhesion contact points for hBM-MSCs after two days cultivation on wrinkle gradient surfaces with diﬀerent interface
biomaterials. Scale bars are 22 μm and apply to all images.
Figure 7. Dependence of focal adhesion area per cell (A) and focal adhesion orientation (B) on wrinkle gradients with diﬀerent interface materials,
respectively. Data are reported as mean ± standard deviation (SD) (n = ∼100 cells). * indicates that both groups are statistically diﬀerent (p < 0.05).
A0W0 (amplitude 0 nm; wavelength 0 nm).
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provide synergistic stimulation to aﬀect formation and
organization of focal adhesion complexes. Most likely, focal
adhesions are herein the sensors that allow us to interpret the
wrinkle pattern cues.60 Notably, we found an apparent
correlation between focal adhesion orientation to cell align-
ment.
To better understand the focal adhesion behavior on
diﬀerent gradients, focal adhesion area per cell (FA area/cell;
μm2/cell) and FA orientation were determined by a
quantitative analysis of the positively stained focal adhesions
(Figure 7). FAs play a central role in delegating extracellular
mechanical cues into cellular responses and in transferring
contractile forces to the ECM. It has been demonstrated that
FA area plays a critical role in cell adhesion, migration, and
functions or diﬀerentiation and is therefore an insightful
parameter to study. Surprisingly, for SiO2, TiO2, and Al2O3
interfaces, the trend of FA area per cell ﬁrst decreases and then
increases with increasing the wrinkle size. For CrO3 interface,
FA area per cell decreases only minor with increasing the
wrinkle size on 0−1.0 cm100SGrad nanowrinkle surface and
remains constant on 0−1.0 cm650SGrad microwrinkle surface.
These results suggest that FA area per cell of hBM-MSCs is
highly sensitive to the topographical gradient, especially on
SiO2, TiO2, and Al2O3 interfaces. The optimal wrinkle
dimensions selected here for diﬀerent interfacial materials to
promote FA formation are ﬂat surfaces for SiO2, TiO2, and
CrO3 interfaces and wrinkle size (wavelength: 7121 nm;
amplitude: 2561 nm) for Al2O3 surface.
For the SiO2 interfaces, the FAs on microwrinkles become
more oriented than those on ﬂat and nanowrinkled surfaces,
but not substantially. For TiO2 and CrO3 interfaces, the FA
aligned more with the wrinkles when increasing from nano- to
microtopographies; the eﬀect is also not large here. However,
on Al2O3 gradients, the eﬀect was much more pronounced, and
the FA initially oriented more with increasing wrinkle size, and
then orientation diminished again. Therefore, the optimal
wrinkle dimensions selected here for diﬀerent interfacial
materials to promote FA orientation are wrinkle size (wave-
length: 7121 nm; amplitude: 2561 nm) for SiO2 surface,
wrinkle size range (wavelength: 732−7121 nm; amplitude:
146−2561 nm) for TiO2 and CrO3 surfaces, and wrinkle size
range (wavelength: 1281−3776 nm; amplitude: 323−1248 nm)
for Al2O3 surface.
4. DISCUSSION
Material properties (e.g., composition, topography, elasticity, or
(bio)chemical signals) contribute signiﬁcantly to governing the
fate of cells.7,49−51 The gradient platform system developed
herein enables vast reduction of experimental eﬀorts that would
generally need numerous individual substrates of discrete
inorganic biomaterial topography and chemical composition. In
addition, cell behavior on our gradient surfaces was observed by
automated ﬂuorescence microscopy (TissueFAXS) in a high-
throughput manner, which enabled the observation of the
surfaces as a whole. Cell responses could be determined by a
quantitative analysis of the positively stained cells using the
high-throughput analysis technique (e.g., Tissue Quest
software). We found that biomaterials chemistry combined
with topographical cues make a signiﬁcant combined
contribution. The strategy of using gradients enables us to
identify optimum combined surface parameters and screen
eﬃciently whether costly engineering approaches for manu-
facturing inorganic biomaterials with speciﬁc surface parameters
are worth the eﬀorts. For the ﬁrst time, biomimetic topo-
graphical gradients of various clinically relevant inorganic
biomaterial interfaces were developed by using simple methods
to study hBM-MSCs responses in vitro. Previously, gradients or
chips on silicon wafers have been developed using photo-
lithography for the use of polymer imprinting (e.g., polyur-
ethane acrylate, polylactic acid, polystyrene) which were used
for high-throughput screening of cell behavior.27,31,61 Addition-
ally, the evaporation approach on PDMS allows many
variations in topography as PDMS can be easily patterned
with various imprinting lithography approaches, enabling other
structures to be assessed as well.
We found that an ideal range for topography-induced
alignment exists in the micrometer range (Figures 1 and 2).
However, ultrastructural analysis of the native ECM in
anisotropic tissues indicates aligned collagen ﬁbrils varying in
diameter from a few nanometers to ∼150 nm and actual
collagen ﬁber bundles from several hundred nanometers to
∼400 μm in diameter.32,44,45 In comparison, in vitro results
reveal that larger topographical dimensions (micrometer range)
are required to promote cell orientation and maturation than
cells would likely be exposed to in vivo. This disparity is likely
attributable to three reasons: (1) materials chemistry, (2) the
inherent diﬀerences in 3D and 2D cellular environments, and
(3) cells directly interacting with ﬁbril bundles. For materials
chemistry (1), it is well-known that the basic building block of
the extracellular matrix in native tissue is collagen. Cells prefer
to adhere more to collagen than to inorganic biomaterials.
Furthermore, this diﬀerence can likely be attributed to the
diﬀerences between 3D and 2D microenvironments (2). In
human anisotropic tissues, cells reside in a complex 3D
microenvironment with cell-to-ECM and cell-to-cell interac-
tions. Cells growing in 3D matrixes are surrounded and pressed
by ECM ﬁbers and other oriented cells. They could likely be
more receptive to the uniformly surrounding topographical and
mechanical cues. However, cells grown on 2D surfaces are
inﬂuenced only by topographical signals at their basal surface.
Consequently, cells on 2D surfaces would probably need more
pronounced topographical stimuli to guide their uniaxial
arrangement. Or, in case of direct ﬁbril interaction (3), this
can easily be understood because cells directly interact with
microscale topographical cues of ﬁbril bundles, which is in
agreement with our results. In addition, it has been reported
that the width of aligned microtopographical patterns strongly
aﬀected cultured cell bodies, therefore forcing them to align,
grow, and move along the patterned trenches due to the
restriction of space.11,62 The “width” of a single cell body is one
order of magnitude larger than that of the microwrinkle used in
our study. Such anisotropic topographical dimensions can also
induce cell alignment along the wrinkle direction. Probably,
anisotropic topographies do not directly interact with the cell
body. Instead, they interact with subcellular structures,
including ﬁlopodia, focal adhesions, and subsequently F-actin
(cytoskeleton). By a HTS for assessment of diﬀerent aspects of
cell behavior, we found a positive correlation of cell alignment
with respect to the formation and orientation of the
cytoskeleton, ﬁlopodia, and focal adhesions. It has been
extensively documented that focal adhesions not only work
like biochemical signal transducers but also act as mechanical
sensors.60 Furthermore, the size of focal adhesions is on the
microscale.63 On the basis of the observations in our study, we
found that the establishment and organization of focal
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adhesions was clearly inﬂuenced by anisotropic wrinkles with
diﬀerent dimensions.
Meanwhile, materials chemistry also plays an important role
in hBM-MSC behavior on otherwise identical micro/nano-
wrinkle gradients. Cell spreading and adhesion are important
cellular events modulating cell behavior. Our data suggests that
although the same wrinkle gradients were used across our
study, when interface materials are altered, there are signiﬁcant
diﬀerences found for cell responses. The ﬁndings show that
both topography and interface material of the substrate can
have a synergistic eﬀect on interactions between stem cells and
their ECM, inﬂuencing cell material surface coverage,
elongation and orientation, the organization of the cytoskele-
ton, ﬁlopodia generation, as well as the formation and
orientation of focal adhesion. Monitoring these processes
indicated that cell elongation and alignment is preceded by the
alignment of focal adhesions. Therefore, it is necessary to
employ a high-throughput screening to evaluate optimum
conditions for both existing and new biomaterials on the cell−
material interface.
The practical application of HTS technology is expected to
accelerate the clinical translation of inorganic biomaterials.
Here, our wrinkled gradient platform with diﬀerent interface
materials can directly output the optimal wrinkle size for cell
responses in an HTS manner. For instance, we can maximize
cell surface coverage or adhesion on diﬀerent inorganic
biomaterials by tailoring material surface topographical
dimension (Figure 4), which provides the important
information for accelerating tissue repair and regeneration
because it still remains a huge challenge due to lack of surface
cell recognition sites. Cytoskeleton rearrangement and
elongation play a key role in generating the signal transduction
for changes in gene expression proﬁle and cell trans-
diﬀerentiation because the mechanical tension is transmitted
to the nucleus through actin ﬁlament, and mechanotransduc-
tion can rearrange the centromere through deformation of the
nucleus.64,65 As reported, when human mesenchymal stem cells
(hMSCs) are aligned better and elongated more due to the
direct impact of the topographical size or pattern, osteogenic
diﬀerentiation is enhanced,66,67 which is of high importance
particularly for orthopedic implants. In addition, Evelyn et al.
reported that aligned and elongated hMSCs along the
directional topography showed more neuronal markers (micro-
tubule-associated protein 2 (MAP2)) compared to the ﬂat
control.68 The incorporation of topography and chemical cues
(retinoic acid) further promoted the up-regulation of MAP2;
however, topography provided a stronger eﬀect compared to
retinoic acid alone on the ﬂat surface. Chor et al. showed that
hMSCs were coerced to align and elongate on a micropatterned
ﬁbronectin−PLGA surface, enhancing the up-regulation of
genes related with neurogenesis and myogenesis even in the
absence of any diﬀerentiation factors.69 Therefore, topography-
induced hMSC diﬀerentiation occurs through mechanotrans-
duction, which is a very eﬀective strategy to govern cell
phenotype. With our HTS approach, we found that surface
topography has a signiﬁcant eﬀect on the degree of cell
alignment and elongation in an HTS manner (Figures 1 and 2).
Cell alignment increases with increasing the wrinkle size, and
the optimal wrinkle dimension for promoting hBM-MSCs
alignment was identiﬁed using the HTS platform. Further, the
signals from the underlying topography are transduced through
the FAs to the actin cytoskeleton before deforming the nucleus
to aﬀect cellular gene expression and phenotype. Osteogenic
diﬀerentiation is more prevalent in MSCs with more focal
adhesions.70 We also deﬁned the optimal wrinkle dimensions
for diﬀerent inorganic biomaterials to promote FA formation
(Figures 6 and 7). The platform developed herein can be used
with various cell types but can also focus on cell function
correlated to tissues with known intrinsic anisotropy (e.g.,
skeletal muscle, blood vessels, neurons, etc.) to screen for
optimal conditions. As topography and materials composition
inﬂuence cell behavior, optimum interactions for cell growth
and tissue response can be identiﬁed and used to enhance, e.g.,
orthopedic implants (e.g., tendon-to-implant attachment also
relying intrinsic directionality and stimulation of bone and
osteochondral tissue). This is particularly interesting for tissues
relying on intrinsic directionality such as muscle, tendon, and
blood vessels. To achieve eﬃciency and complexity, high-
throughput approaches are excellent tools toward establishing
property−activity relationships between biointerfaces and
biological systems. The combination of a novel HTS approach,
advanced imaging, and eﬃcient analysis methods is positioned
to accelerate the pace of discovery for next-generation materials
for biotechnology and medicine.
5. CONCLUSIONS
For the ﬁrst time, biomimetic topographical gradients of various
clinically relevant inorganic biomaterial interfaces were
developed via combination of masked plasma oxidation and
metal deposition oxidation methods to study hBM-MSC
responses in vitro. It is found that certain features of hBM-
MSC behaviors (cell surface coverage, area, and focal
adhesions) on diﬀerent interface materials are worse than
those on the ﬂat and microstructured surfaces. The optimal
wrinkle dimension selected here (wavelength: 7121 nm;
amplitude: 2561 nm) for promoting hBM-MSC alignment,
cytoskeleton arrangement, long/parallel ﬁlopodia, and focal
adhesion assembly and orientation was obtained based on the
above platforms. The gradient platforms containing both
wrinkles and materials chemistry can generate synergistic
eﬀects on the response of hBM-MSCs, indicating that we
need to apply a screening to assess optimum conditions for
both current and new biomaterials. This versatile platform
system employed herein provides a novel strategy to better
understand the structure−function relationships between
surface properties and biological performance that would
accelerate the development of desired biomedical implants
and tissue engineering scaﬀolds.
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